The resistance of polycrystalline materials to intergranular cracking can be influenced by the microstructure. In sensitised stainless steels, for example, the grain boundaries prone to sensitisation form paths of low resistance for intergranular stress corrosion cracking. The non-sensitised grain boundaries, such as twin boundaries, have been observed to encourage the formation of crack bridging ligaments. Computational models of intergranular cracking have been developed to investigate the consequences of crack bridging, through its effects on crack propagation in microstructures with different fractions of nonsensitised boundaries. This paper introduces the recently developed two-dimensional model for intergranular cracking with crack bridging, and reports its application to investigate the effect of grain size. It is shown that the size of the crack bridging zone depends on the grain size, and the shielding contribution depends on the relative size of the bridging zone compared to the crack length. It is concluded that both grain refinement and increase in the fraction of resistant boundaries can improve microstructure resistance to intergranular cracking. These observations are consistent with the effects of grain boundary engineering on stress corrosion cracking resistance in sensitized stainless steels.
INTRODUCTION
Uncertainty in the behaviour of sub-critical cracks complicates the assessment of structural component lifetime. One source of uncertainty is the microstructure of the material, which can determine the resistance to intergranular cracking [1] . Intergranular stress corrosion cracking (IGSCC) is one mode of sub-critical crack propagation in susceptible nickelbased alloys and austenitic stainless steels used in power generation. Experimental results, e.g. [2, 3] for nickel based alloys and [4, 5] for sensitised stainless steels, show that the random grain boundaries (i.e. those with no special crystallographic relationship between the grains adjacent to the grain boundary) are more prone to intergranular corrosion and stress corrosion than certain "special" grain boundaries. These special boundaries are generally defined by the crystallographic relationship between the adjacent grains, and tend to be those close to high degrees of lattice coincidence (i.e. low Σ) according to the coincidence site lattice (CSL) model [5] . The non-special, or random boundaries, form paths of low resistance for intergranular corrosion and stress corrosion cracking, while increasing the fraction of special grain boundaries, such as Σ3 twin boundaries, has been shown to improve resistance to corrosion and cracking. Grain boundary engineering [6] has a primary goal to improve the microstructure resistance to intergranular damage by increasing the fraction of special boundaries.
As a simplification, the microstructure can be regarded as a random distribution of grain boundaries with binary characteristics of relative resistance and susceptibility to intergranular failure. A number of percolation-like geometric models for assessing intergranular failure susceptibility have been proposed [7] [8] [9] [10] . Typically these use a two-dimensional (2D) hexagonal representation of the microstructure. The probability of crack advance at a triple junction between three grain boundaries is based on the grain boundary characters and their orientation with respect to the applied stress. A drawback is that percolation models do not take account of the crack driving force, which can vary during crack evolution.
Experimental studies have shown that the interaction between the crack and special grain boundaries leads to crack bridging [11] [12] [13] [14] . A mechanical crack shielding effect from crack bridging is expected to reduce the crack tip strains and thereby retard crack propagation, particularly for short cracks. Crack branching, from the interaction with suitably oriented random boundaries, may also develop a shielding effect. In order to develop realistic models for short intergranular stress corrosion crack growth rates, it will be necessary to quantify the effects of crack bridging and branching on the local crack tip strains, and also the relationship between crack tip strain, crack tip environment and crack propagation rate by stress corrosion.
Recently, the authors have developed a finite element based model for studies of intergranular cracking in 2D hexagonal microstructures, which is capable of simulating bridging ligament formation and crack branching [15, 16] . This is a step towards the development of a more complete model for the effects of crack bridging and branching on the local crack tip strain. The simulations demonstrate a significant impact of mechanical load, crack branching and crack bridging on crack development, and have also shown the effects of resistant grain boundary fractions on the percolation threshold [15] . Parametric studies of the failure properties and relative fractions of susceptible and resistant boundaries have been conducted [16] . The model has been extended to threedimensions [17] , demonstrating that crack bridging and branching are inherent behaviours in a microstructure with binary grain boundary properties, and that both have a shielding effect on the crack tip.
The effect of grain size has not been reported previously. The aim with this paper is to present and discuss results for the impact of the grain size in the 2D model. The model is firstly presented in brief, followed by statements of the problems studied and the methods for analysing the results.
NOMENCLATURE
A -total crack area (main crack and branches) D -grain diameter K I -apparent stress intensity (crack driving force) K br -stress intensity due to bridges (crack retarding force) W -characteristic length dimension of the models a -crack extension (main crack area) b -bridging zone size f -fraction of resistant grain boundaries E, ν -Young's modulus and Poisson's ratio σ y , σ u -yield and ultimate tensile strengths ε y , ε u -yield and ultimate tensile strains ε rf -failure strain of resistant boundaries ε sf -failure strain of susceptible boundaries σ ∞ , ε ∞ -remote stress and strain
BACKGROUND MODEL
An assembly of identical cells, where each cell is a regular hexagon and represents one grain, approximates a region of a polycrystalline solid. The grain diameter, D, is the first microstructure parameter. The grain boundaries, represented by the interfaces between the assembly cells, are classified in a binary fashion as either resistant or susceptible to failure. The fraction of resistant boundaries, i.e. the number of resistant over the total number of boundaries in the assembly, f, is the second microstructure parameter. The distribution of resistant boundaries in the microstructure is randomly assigned for given f. It is further assumed that the material can fail via crack propagation along grain boundaries only. This is the observed behaviour for sensitized stainless steel in tetrathionate solutions, for example, but may not fully describe the behaviour of the same material in high temperature oxygenated water, in which transgranular cracking can also occur in favourably oriented grains [13] .
Unlike the percolation-like models [7] [8] [9] [10] , the mechanical model [15, 16] adopts a crack advance strategy based on the strains in the microstructure, which are a result of the applied load and the current crack configuration. The model introduces failure criteria for the two boundary types, which are qualitatively based on experimental observations of intergranular stress corrosion cracks. Susceptible boundaries have been observed to fail at crack opening displacements of the order of several nano-meters with insignificant inelastic deformations [5, 18] , which suggests a failure strain of the susceptible boundaries, ε sf , that is small compared to the material yield strain, ε y . In contrast, the resistant boundaries have been observed to yield and rupture after significant inelastic deformation [13, 14] . Their failure strain, ε rf , is therefore assumed to be several times larger than ε y , but less than the ultimate tensile strain, ε u , of the polycrystalline material. The failure properties of the boundaries can also be represented equivalently in terms of energy. However, this strain-based classification is more convenient for the implementation of the model.
The strategy for crack advance adopted relies on a series of finite element solutions for equilibrium of the assembly with the applied load. Each solution delivers the redistributed strains in the assembly that evolved with the advance of the crack. To reduce the computational effort a discrete finite element model of the assembly is used. The model consists of nodes, placed in the centres of the grains, and beam-type finite elements connecting neighbouring grains and representing the grain boundaries. Thus, the deformation across the grain boundary is transferred to the deformation of the adjacent beam elements. A detailed account of the model and its capability to reflect the underlying continuum is given in [16] . In general, the constitutive relationship describing the mechanical behaviour of the beam elements is elastic-plastic with linear isotropic hardening, which for the purposes of this work describes sufficiently well the stainless steel behaviour under a static load.
In the course of crack propagation the beams representing susceptible and resistant boundaries can fail when their corresponding prescribed failure strains ε sf and ε rf are attained.
The strategy for crack advance is implemented by an inhouse computer program responsible for consecutively calling an external equilibrium solver, ABAQUS [19] , and deciding upon further evolution in the following way. Each equilibrium solution provides the strains at each grain boundary (i.e. at the midpoints of the beam elements). If the failure strain of a grain boundary, being either resistant or susceptible, is reached, that boundary is a candidate for failure. Only one boundary is allowed to fail at a time, i.e. one beam element is deleted from the discrete structure. This is the "critical" boundary with the largest difference between its calculated and failure strains. As every failure event leads to redistribution of stress that cannot be judged in advance, the single-failure strategy ensures that the recalculated equilibrium will deliver the correct stresses and resulting strains for the subsequent event. The procedure monitors the grain boundaries that are in contact with the crack surface (surface boundaries), and the grain boundaries that are immediately underneath the surface (subsurface boundaries). If there are failure candidates among the surface boundaries, the critical beam element is removed from the structure and the simulation continues. If there is no failure candidates among the surface boundaries, the subsurface boundaries are considered. The reason for this is to mimic the observed 3D behaviour of intergranular stress corrosion [13, 14] , by allowing crack bridge formation in the 2D model. A detailed description of this approach can be found in [16] . If there are failure candidates among the subsurface boundaries, the critical beam element is removed from the structure, leaving a crack bridging ligament, and the simulation continues. If there are no candidates for failure among the subsurface boundaries, the crack is assumed arrested and simulation is terminated.
PROBLEMS FORMULATION
A region of a polycrystalline solid, occupying the rectangle {-W ≤ X 1 ≤ W, 0 ≤ X 2 ≤ W} with respect to a fixed coordinate system (X 1 , X 2 ), is modelled. A schematic of this geometry is shown in Figure 1 . In order to investigate the effect of grain size, tessellations of this region with two grain sizes differing by a factor of two are prepared. In the first case the grain diameter is D = W / 50, and the grain assembly contains 7740 grains, which form 22850 internal grain boundaries. In the second tessellation the grain diameter is D / 2 = W / 100, and the grain assembly contains 30950 grains, which form 92130 internal grain boundaries. In both cases the number of grains and grain boundaries correspond to the number of nodes and beam elements, respectively, in the finite element model. An initial crack is introduced from the surface point at the origin of the coordinate system and running in towards the centre of the assembly. The physical length of this pre-crack is the same for the two microstructures and equal to W / 50. This results in an initial removal of three boundaries in the coarser microstructure, i.e. with grain diameter D, and of six boundaries in the finer microstructure, i.e. with grain diameter D / 2. The former case is demonstrated in Figure 1 .
The
The choice of failure strains of the resistant and the susceptible boundaries in the two microstructures is based on the assumption that the displacement across a grain boundary at failure does not depend on the grain size. In the beam representation, the strain depends on the displacement and grain size, thus for the coarser microstructure the selected values are ε rf = 10 -2 and ε sf = 10 -4 and for the finer microstructure these are ε rf = 2×10 -2 and ε sf = 2×10 -4 . Assuming D = 50 µm, for example, these is equivalent to failure when the displacements are 500 nm for the resistant and 5 nm for the susceptible boundaries. These are arbitrary selections, chosen to be consistent with the experimental observations of brittle and ductile failures of the two types of boundaries [14] .
The boundary conditions applied to both assemblies are symmetric with respect to the X 2 -axis and involve prescribed displacements U 1 = -5×10 -4 W along the boundary with X 1 = -W, U 1 = 5×10 -4 W along the boundary with X 1 = W, U 2 = 0 along the boundary with X 2 = W. The non-zero prescribed displacements are depicted in Figure 1 . The remaining boundary, from which the crack initiates, is assumed stress free. These boundary conditions introduce a homogeneous strain in a crack-free assembly ε ∞ = 5x10 -4 , equivalent to an initial remote stress σ ∞ ≈ 0.5σ y . Crack propagation allows the remote stress to relax, as the compliance of the assembly decreases.
RESULTS AND ANALYSIS
Models with different fractions, f, of resistant boundaries have been assessed for both coarse (grain diameter D) and fine (grain diameter D / 2) microstructures. For each of these fractions, 30 models with random distributions of the resistant boundaries in the microstructure have been prepared, and crack propagation simulations have been performed. The simulations were terminated when the crack extensions reached W / 3. The results presented are the average of the 30 simulations. An illustration of a crack grown in a microstructure with f = 0.35 is given in Figure 2 . Only a portion of the assembly is presented, containing the crack that had developed when the simulation was terminated. The cracked boundaries are shown with thick white lines. The thin and thick black lines indicate susceptible and resistant boundaries, respectively. The bridges formed in the crack wake (i.e. behind the crack tip) by resistant boundaries, or unfavourably oriented susceptible boundaries, are clearly identifiable.
The effects of crack bridging and crack branching on the crack propagation driving force can be illustrated using the Mode I stress intensity factor with respect to the main crack tip. This is found in a standard way as the limit
where σ 11 is the stress at distance r ahead of the crack tip. In this work, σ 11 is calculated as the average stress for four grains perpendicular to the crack line at distance r from the tip. The limit in Eq. (1) is found after excluding the plastic zone in front of the tip and taking stress data over ten grain diameters into the elastically deformed zone along the X 2 -axis [16] . For comparative purposes the analytical stress intensity factor for a straight edge crack in a finite geometry is used [20] ( )
where a is the crack length, σ ∞ is the remote tensile stress and F(α) is a geometry factor accounting for the finite model geometry and is given by ( ) 
where α = a / W. Eq. (3) is an approximation with an error of ±0.5% for α ≤ 0.6.
The procedure for calculating the crack driving forces has been checked with straight cracks without bridges or branches (i.e. zig-zag cracks in the hexagonal microstructure) for the entire range of crack extensions studied. Comparison between the obtained computationally crack driving forces via Eq. (1) and the theoretical values given by Eq. (2) showed identical results for the stress intensity factors to within 0.1%. This means that the difference between the theoretical, Eq. (2), and the computational, Eq. (1), stress intensity factors represents the shielding effect of the microstructure, which results from both crack bridging and crack branching.
The effect of the bridges alone, here termed the crack retarding force, is represented by the mode I stress intensity factor that the bridges create with respect to the main crack tip. It is an algebraic sum of the contributions from every bridge, calculated with the formula ( )
where P is the force in the bridge parallel to the loading (crack opening) direction and r is the distance from the bridge to the crack tip. Eq. (4) is the solution for a crack loaded in Mode I by a couple of symmetric concentrated forces of magnitude P placed on the crack surfaces at distance r from the tip [20] . The development of the crack driving force with crack extension is shown in Figure 3 . The crack driving force, obtained via Eq. (1), is normalised by the remote stress. The remote stress decreases with crack advance, and is obtained from the solution for equilibrium at each propagation step. Depending on the fraction of resistant boundaries and the grain size, the maximum decrease was between 5% and 15% of the initial remote stress, σ ∞ . The crack extension is normalised with the width of the assembly, W. Solid and dashed lines represent the crack driving force in the coarse and in the fine microstructures, respectively. The theoretical value of the crack driving force, obtained via Eq. (2) for a crack with no bridging or branching is shown with dotted lines for comparison. The difference between the theoretical value and the calculated crack driving force represents the total shielding effect of the microstructure. Figure 3 shows that the microstructure shielding effect depends on both the grain size and the fraction of resistant boundaries. For microstructures with a higher fraction of resistant boundaries, e.g. f = 0.5, a greater degree of crack shielding is developed in the finer microstructure compared to the same crack size in the coarser microstructure. This implies an improved resistance to intergranular cracking. With a decrease in the resistant boundaries fraction, the microstructure shielding effect also decreases and the beneficial effect of the smaller grains is observed only for smaller crack extensions, which are denoted by a 0 in Figure 2b and 2c. The predicted values of a 0 do not represent physically real crack sizes, because the solutions depend on arbitrarily assumed failure properties of the two boundary types. Figure 4 shows the development of the total crack area A, with the crack length, for different fractions of resistant boundaries. It is used to assess the extent, to which crack branching influences the results in Figure 3 . Both crack length and total crack area, i.e. the main crack and all branches, are normalised by the width of the model assembly, W. With small variations, the simulations predict the same development of the total crack area in both microstructures. This implies that the grain size does not affect the total extent of crack branching. Hence, the effects of grain size and fraction of resistant boundaries observed in Figure 3 are judged to be mostly the result of crack bridging. This is supported by Figure 5 , which shows the development of the crack retarding force due to bridges (bridge shielding effect) with crack length. The crack retarding force, obtained via Eq. (4), is normalised with the remote stress. The diminishing effect of grain size with decreased fraction of resistant boundaries observed in Figure 3 is therefore found to be due to a decrease in the crack retarding force from crack bridging.
A decreased effect of bridges may arise from a reduction in the size of the bridging zone behind the crack tip, and also a reduction in the number or area fraction of crack bridging ligaments inside this zone. The bridging zone is observed to start between 1-4 grains behind the crack tip in the various simulations. Its size is measured from the crack tip along the crack surface to the last intact crack bridging grain boundary that contributes to the crack shielding effect.
An example of the development of the bridging zone size, b, with crack extension, is shown in Figure 6 for the coarse and the fine microstructures with selected fractions of resistant boundaries. The bridging zone size is normalised by the assembly width, W. An initial build-up of the bridging zone size is observed in both microstructures. The bridges fail in the crack wake as the crack opening displacement increases with distance from the main crack tip. In the fine microstructure, a reduction of the rate of increase of the bridging zone size is observed as the crack length increases. The bridging zone size tends towards a steady-state value as the fraction of resistant boundaries, f, decreases. Similar behaviour is also observed in the coarse microstructure, but steady-state is not reached for the crack extensions simulated. The establishment of steady-state in the finer microstructure limits the maximum bridging zone sizes, particularly for lower f, and hence limits the maximum shielding effect due to crack bridging. This is a factor that ultimately limits the beneficial effects of the fine grain size to smaller crack sizes.
A second factor that can influence the shielding effect of the bridges is their number. Figure 7 gives the number of bridges developed for three selected fractions of resistant boundaries in the two microstructures. As expected, the number of bridges formed in the finer microstructure is always larger than the number in the coarser microstructure for equivalent crack lengths. If bridge failure did not occur, the number of bridges in the finer microstructure should be twice that of the coarse microstructure. However, as shown in Figure 7 , this proportion decreases with decreasing fraction of the resistant boundaries. This is because bridges from resistant boundaries in the fine microstructure require less strain to fail than the coarse microstructure. This is a consequence of the assumption that the critical displacement is independent of grain size.
This may not be strictly valid, at least for ductile failure of resistant boundaries. As the number of crack bridges decreases, failures of bridges become more frequent. However, for the microstructure with f = 0.5 (i.e. a high proportion of resistant boundaries), the number of bridges for the fine grain size is nearly three times the number for the coarse grain size. This shows a synergetic effect of decreased grain size and decreased fraction of susceptible boundaries.
DISCUSSION AND CONCLUSIONS
A recently proposed mechanical model that simulates intergranular crack propagation in a realistic manner, including the phenomenon of crack bridging by resistant boundaries, was used to study the effects of grain size and fraction of resistant boundaries on the crack evolution. The results show the development of a significant degree of crack tip shielding. In the context of intergranular stress corrosion cracking, this would be expected to reduce the crack propagation rate when crack tip strain-dependent crack growth kinetics is considered. The microstructure shielding effect is due to the formation of crack branches outside the main crack and crack bridges along the main crack surface, which are illustrated in Figure 2 . The relative contributions of these two factors to the overall shielding effect of the microstructure were assessed elsewhere [16] .
The new results presented here show the effect of grain size. Crack bridging is effective only when the crack length is shorter than a certain "critical" length. This is due to the limiting size of the crack bridging zone, which decreases with finer grain size. The critical crack length was shown to depend on the fraction of resistant boundaries and indirectly on their failure properties. The effects of crack branches in the fine and the coarse microstructures studied were found nearly identical (Figure 4) . It was thus concluded that the behaviour of the bridging ligaments controlled the nature of the grain size effect. This was confirmed by the results for the crack retarding force arising from the bridging ligaments ( Figure 5 ). These showed the same trends for the effect of grain size with decreasing fraction of resistant boundaries as those observed for the crack driving force in Figure 3 .
In this work, the grain size and resistant boundaries fraction were the only parameters varied. However, two significant parameters of the model are the failure properties of the susceptible and the resistant boundaries. Arbitrary values for these have been assumed, which are qualitatively consistent with experimental observations. It was previously shown [16] that the susceptible boundaries failure strain had negligible effect on the cracking behaviour over the range of resistant boundary fractions and the external loads considered. The failure strain of the resistant boundaries, however, will play a critical role in the developed shielding effect of the bridges. The results obtained here indicate that the failure strain of the resistant boundaries strongly influences the maximum size of the bridging zone ( Figure 6 ). In this work, the failure strain for susceptible and resistant boundaries was chosen to vary in proportion to grain size. This is consistent with the assumption that the critical crack opening displacement is independent of grain size. This may be appropriate for stress corrosion cracking of the susceptible boundaries, but ductile failure of resistant boundaries may occur at crack opening displacements that are proportional to grain size. Hence the critical failure strain for resistant boundaries may vary with the square of grain size. Further refinement of the model requires experimental observations of intergranular stress corrosion crack growth and crack bridging to tune the model parameters. In summary, the overall resistance of a material to propagation of short intergranular cracks is predicted to be increased by microstructure refinement in addition to the effects of increased fraction of resistant boundaries. The additional benefit of the refinement is predicted to depend predominantly on the behaviour of the bridging ligaments and may become insignificant for sufficiently long cracks. These conclusions are expected to be relevant to the behaviour of short intergranular stress corrosion cracks.
